INTRODUCTION
The success of imatinib in the treatment of chronic myeloid leukemia and gastrointestinal stromal tumors (GISTs) has demonstrated that targeted drugs can induce remarkable tumor responses, and even cure patients of cancer. 1 Targeted drugs have been used to treat a variety of common human solid tumors, including breast cancer, colorectal cancer, and non-small-cell lung cancer (NSCLC). Diverse integrated signaling pathways are involved in the development and progression of these malignancies, each of which is genetically heterogeneous. Consequently, inhibition of one specific pathway is likely to be efficacious only in small subsets of patients who share a specific histological tumor type. For example, in unselected patients with metastatic breast cancer, the response rate to the anti-HER2 antibody trastuzumab (Herceptin®; Genentech, San Francisco, CA) is less than 10%. 2 Low response rates have also been reported for EGFR and mammalian target of rapamycin (mTOR) kinase inhibitors in patients with NSCLC 3 and renal cell carcinoma, 4 respectively. In the small subgroup of patients that do respond, however, targeted drugs can dramatically improve the survival rate. Clearly, patient stratification to identify potential responders would be of great benefit; for breast cancer, identification of probable responders to trastuzumab therapy 2 by use of immunohistochemical HER2 staining facilitated approval of this drug and its widespread use in the treatment of HER2-positive breast cancer.
Immunohistochemical assays of a comparable benefit are unavailable for many cancers when new targeted drugs enter clinical trials. Moreover, sensitivity to new drugs might not be based on overexpression of target proteins. Instead, sensitivity might be based on factors such as specific mutations of the target molecule or the loss of negative regulators of its activity and other regulatory, redundant and/or compensatory tumor responses that are not currently understood. An inability to identify the appropriate patient subsets complicates drug development when Targeted drugs hold great promise for the treatment of malignant tumors; however, there are several challenges for efficient evaluation of these drugs in preclinical and clinical studies. These challenges include identifying the 'correct' , biologically active concentration and dose schedule, selecting the patients likely to benefit from treatment, monitoring inhibition of the target protein or pathway, and assessing the response of the tumor to therapy. Although anatomic imaging will remain important, molecular imaging provides several new opportunities to make the process of drug development more efficient. Various techniques for molecular imaging that enable noninvasive and quantitative imaging are now available in the preclinical and clinical settings, to aid development and evaluation of new drugs for the treatment of cancer. In this Review, we discuss the integration of molecular imaging into the process of drug development and how molecular imaging can address key questions in the preclinical and clinical evaluation of new targeted drugs. Examples include imaging of the expression and inhibition of drug targets, noninvasive tissue pharmacokinetics, and early assessment of the tumor response.
keywords drug development, molecular imaging, MrI, optical imaging, PeT 'go-no go' decisions are made according to the response rates in relatively small phase II studies. In such studies, poorly defined study populations might lead to an apparent drug failure because of the large fraction of nonresponders that dilute the positive drug effect on subpopulations detected by the study. The inability to properly identify appropriate patient subsets is confounded by the fact that the conventional size criteria used to assess tumor responses might not be applicable for some targeted drugs, since durable responses to targeted drugs might be cytostatic rather than cytotoxic and are thus not associated with tumor shrinkage. As a consequence, standard response criteria, which define a response as a decrease in tumor size, are of limited value in the assessment of the response to this class of drugs, as discussed subsequently.
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Although targeted drugs are promising because of the genetic distinctions and consequent biochemical differences among patients with the same histopathologic tumor types, it is unlikely that a single drug will be effective for all patients with a 'common' tumor. Rather, it will be necessary to develop multiple targeted drugs, even for patients that share a single histologically defined tumor type. The result will be smaller patient populations per drug, although there will be a greater fraction of responders. The inevitable consequence is a decreased revenue:cost ratio for the industry, unless the cost per drug can be lowered. Key questions during the development of targeted drugs include the following 5 : Is the target protein expressed in a particular tumor? Does the drug reach the target at a sufficient concentration? Is the function of the target protein modulated? Does modulation of the function of the target protein result in the expected biological effects?
Molecular imaging provides probes and assays that can address expression of the target protein, drug-target protein interactions and drug effects in both preclinical and clinical studies. Molecular imaging can reduce the costs of drug development, 6 stratify patient populations and monitor therapeutic efficacy. With regard to the clinical setting, the two key techniques for molecular imaging that will be emphasized in this article are PET and MRI. Owing to space constraints, we have not discussed other molecular imaging modalities, such as single photon emission CT (SPECT), although studies indicate that these modalities may also be used for molecular imaging in patients. 7 For preclinical studies, specialized imaging devices that include small-animal PET, SPECT instrumentation, small-animal MRI, and optical imaging devices for fluorescence and bioluminescence, are currently available for studies of rodents and other animal species. In addition to molecular imaging probes, these devices enable pharmacokinetic and pharmacodynamic studies in animal models of cancer and in humans. The physical performance characteristics of these imaging techniques have been reviewed. [8] [9] [10] Although there is little doubt that small-animal imaging will facilitate the development of targeted drugs and imaging agents, drug targets can be species-specific; for example, carcinoembryonic antigen is not expressed in mice. Conversely, the monoclonal antibody bevacizumab (Avastin®; Genetech, San Francisco, CA), which targets VEGF, binds specifically to the human, but not the mouse, VEGF target protein. In such cases, the results of clinical imaging studies might differ from those obtained from animal models. Molecular imaging is a burgeoning field; we present selected examples to illustrate the applications of molecular imaging, focusing on how molecular imaging can potentially contribute to 'go-no go' decisions earlier in the process of drug development. 
IMAGING OF TARGeT eXPReSSION
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In addition to identifying differences in expression of target proteins among patients, molecular imaging can also show intrapatient heterogeneity of the expression of target proteins. For instance, lesion-to-lesion differences in the expression of α V β 3 integrin in a patient with metastatic soft tissue sarcoma are shown in Figure 1 . The marked differences in α V β 3 integrin expression found in this patient demonstrated the potential of molecular imaging for prediction and might explain the heterogeneous responses to different targeted drugs within a single individual. 12 Currently, the levels of expression of target proteins are determined by analysis of tumor biopsies. In patients with metastatic disease, analysis of tumor biopsies allows evaluation of only a small part of the total tumor mass. Figure 1 illustrates that the assessment of the expression of protein targets by use of biopsies might, therefore, be misleading, since α V β 3 integrin was highly expressed in the primary tumor but not in the pulmonary metastases.
Currently, only a limited number of molecular targets can be imaged in clinical studies because of the restricted number of available probes (Table 1) . [13] [14] [15] [16] [17] Most molecular targets are expressed at nanomolar concentrations in the tumor tissue, which presents a challenge for the development of ligands. Many potential probes not only bind with high affinity to their targets but also demonstrate considerable nonspecific binding and/or unfavorable pharmacokinetic properties for in vivo imaging. Reducing nonspecific binding and optimizing the pharmacokinetic properties have been major challenges in the development of new imaging probes.
Several new strategies for the development of a variety of molecular imaging probes have been tested successfully in animals. Radiolabeled antibodies have been used to image a variety of targets, but their slow clearance from the bloodstream and tissue results in limited image contrast. Recent advances in antibody engineering 18, 19 have led to the development of several antibody fragment formats that demonstrate excellent properties for targeted PET imaging in animals ( Figure 2A ). Translation of modified antibodies for use in the clinic is likely to follow in the near future.
Another research focus is the development of targeted nanoparticles for molecular imaging. 20 Nanoparticles can be coated with multiple ligands or probes and the consequent multivalent binding to target molecules could result in dramatically increased uptake and retention of the particles. Nanoparticles can be coated with a large number of such signal-generating molecules, thereby increasing the intensity of the imaging signal. For optical imaging, nanoparticles can be loaded with fluorescent dyes that emit light of different wavelengths, which permits multiplexed imaging of various properties of the tumor tissue in one examination ncponc_2006_150f1.eps Figure 2B ). 21 Optimization of the pharmacokinetics of nanoparticles is, however, still an issue, especially reduction of their accumulation by the reticuloendothelial system in the liver and spleen. Activatable 'smart' probes represent an elegant approach to avoiding the problem of nonspecific binding in fluorescence imaging. These probes emit a signal only after interacting with their target. Activatable imaging probes consist of a fluorochrome coupled to a quenching moiety, such as a peptide. 22 For this type of 'smart' probe, a fluorescence signal is emitted only after the quenching peptide has been cleaved from the fluorochrome by the activity of a protease. This approach enables the specific imaging of the enzymatic activity of proteases, because the nonspecifically bound imaging probe does not emit a light signal ( Figure 2C ).
The restricted tissue penetration of light limits the use of optical imaging probes. By use of near-infrared fluorescent reporters, tissue penetration of several centimeters has been achieved in experimental studies, albeit with increasing attenuation with depth. 22 Furthermore, image reconstruction algorithms are now being developed to produce tomographic imaging in animal models, with the goal of quantitative assessment of regional concentrations of fluorescent reporters. 22 Near-infrared fluorescence imaging might, in the future, have a role in clinical studies of superficial tumors or tumors accessible by endoscopy. 22 
TISSUe PHARMACOKINeTICS
PET imaging has been used to study the pharmacokinetics of several anticancer drugs, 23 for example the radiolabeled humanized anti-VEGF antibody HuMV833. Jayson and coauthors used PET imaging with an iodinated drug analog to study the pharmacokinetic properties of this antiangiogenic drug. 24 To quantify the drug concentrations in the organ and tumor, labeled and unlabeled antibodies were coadministered during the first treatment cycle. PET was performed at 24 h and 48 h after administration of the drug and probe. The study revealed important differences in drug uptake, clearance and biological activity between primary tumors and metastatic lesions. Some primary tumors exhibited clearance rates that were three times faster than those of metastatic tumors, even within the same patient. Substantial differences in the rates of drug clearance from the tumor were also observed among different patients and tumor types. This heterogeneous pharmacokinetic response might explain the lack of effectiveness of treatment in some patients. The study also revealed discrepancies between the plasma pharmacokinetics of the drug and the rate of drug clearance from tumors, as determined by PET. In patients with multiple lesions, intratumoral drug concentrations varied up to 3.4-fold. 24 This variance indicates that plasma pharmacokinetics cannot be used to predict intratumoral drug concentrations.
Examples of radiolabeled drug analogs used for PET imaging include [ 18 28 An interesting application of this drug-labeled-drug concept is 'microdosing' of drug candidates to study their distribution in the tissues before phase I studies. 29 Such 'phase 0' studies can be performed at dose levels of the drug that have no significant pharmacologic or toxic effects because of the high sensitivity of PET. Although microdosing studies can provide valuable information about the pharmacokinetic properties of new drugs, there are some limitations of this concept. The parent drug and radiolabeled metabolites cannot be differentiated by PET imaging. By studying temporal changes in the concentrations of tissue radioactivity and performing metabolite analyses of plasma samples, corrections for the effect of metabolites can be made in some cases. These corrections, however, are often complex and require thorough validation. 30 Radiolabeled drug analogs targeting specific biological molecules can also be used as imaging agents to study the expression or function of these molecules in patients. This approach requires extensive studies because validation that the uptake of the imaging probe reflects 29 development of imaging-only reagents would require just the less-costly FDA approval of an investigative new drug. Nonetheless, the development of radiolabeling procedures with use of short-lived radioisotopes is a complex, time-consuming and costly process. Under the present conditions of probe discovery and regulatory processes, it is unlikely that the development of molecular imaging probes can keep pace with drug development and be financially feasible. The development of radiolabeled drug analogs is likely to be facilitated in the future by technology platforms such as integrated microfluidics chips 32 that enable a more efficient and less expensive process for the preparation and evaluation of radiolabeled probes.
MeASURING TARGeT INHIbITION
Noninvasive assessment of the target inhibition is important at various stages of drug development. In phase I studies, assessment of target inhibition can define the biologically active dose of a new drug for further phase II and III studies. Traditionally, the dose of a cancer drug chosen for further investigation has been determined by the maximum tolerated dose (MTD) in phase I studies. Pathway-targeted drugs, however, frequently cause limited acute adverse effects; the biologically active dose might be substantially lower than the MTD. Furthermore, classic cytotoxic agents are administered over a relatively brief period of time, with the intent to eradicate tumor cells. By contrast, many pathway-targeted drugs are developed as oral treatments for ncponc_2006_150f2.eps long-term use and are designed to inhibit tumor growth. Dosing these drugs at the MTD might result in unnecessary toxicity. Moreover, the effectiveness of some targeted drugs may actually decrease at higher doses, owing to off-target effects on other biologically active molecules. In phase II studies, new drugs commonly fail to produce the desired responses for two reasons. First, the dose schedule might be inadequate; in other words, the target might not be inhibited. This fact should not, however, lead to 'no go' decisions; instead, the dose or schedule of administration must be optimized. Second, drugs might inhibit the target but might not affect tumor growth if the target is not essential. This should lead to 'no go' decisions.
If the probes used in imaging bind to the same target as the drug (Figure 3A) , inhibition of the target can be monitored by imaging the blocking of probe uptake by the study drug. 33, 34 Similarly, inhibition of enzymatic activity can also be visualized by imaging probes that are substrates of specific enzymes. This approach has been used to monitor the inhibition of matrix metalloproteinase activity by activatable MRI probes that are cleaved by this enzyme. 35 Few ligands have been validated for imaging target inhibition in this way. Also, radiolabeling of drugs frequently does not provide useful imaging probes for monitoring target inhibition because uptake of the drug in the tumor can be dominated by nonspecific binding to the cell membrane or other cellular components. In addition, although the drug concentration does not need to be higher at the target relative to the surrounding tissues, this is a necessary condition for imaging probes. Finally, whether the kinetics of the drug are favorable for imaging and whether analysis of the image is confounded by radiolabeled metabolites must be determined. 36 If a probe is unavailable for a known target, imaging of biochemical or biological changes in response to target inhibition can provide a surrogate for imaging the interaction between the drug and the target. Using this approach, ncponc_2006_150f3.eps 38 These studies have several potential implications for human trials. First, the [ 68 Ga]trastuzumab F(ab') 2 fragment (or other appropriately engineered antibody fragments) could be used to identify breast cancer patients who overexpress HER2 and are, therefore, more likely to respond to treatment with trastuzumab. Second, an early reduction in [ 68 Ga]trastuzumab F(ab') 2 fragment binding could distinguish effective 17-AAG treatments in vivo. Third, PET imaging might elucidate differences in HER2 expression in distinct metastatic lesions. Fourth, PET imaging might be used to determine noninvasively whether the MTD of the drug can inhibit the therapeutic target. Finally, the dose scheduling could be optimized by monitoring the duration of target inhibition using PET.
Dynamic contrast-enhanced (DCE-) MRI has also been used to study the effects of inhibitors of VEGF signaling. VEGF markedly increases vascular permeability; monitoring changes in vascular permeability presents an attractive approach to the imaging of target inhibition by anti-VEGF antibodies or VEGF receptor kinase inhibitors. 39 DCE-MRI was used to determine the effective dose for the pan-VEGF receptor kinase inhibitor PTK 787/ZK 222584 (PTK/ZK). Treatment with this drug resulted in a dose-dependent decrease of K trans , a marker of vascular permeability and perfusion. The effects of the drug on K trans plateau at a dose of 1,000 mg/day. 40 The MTD of PTK/ZK is 1,500 mg/day and, therefore, the biologically effective dose seems to be significantly lower than the MTD; DCE-MRI was instrumental in determining the appropriate dose (Figure 4) . 41 Molecular imaging can be particularly helpful in dose-finding studies of anti-angiogenic agents because the genetic variability of the endothelial cells forming the blood supply to the tumor is likely to be smaller than that of the tumor cells. As a consequence, a relatively low interpatient variability of the drug concentration needed for endothelial cell target inhibition would be expected. By contrast, genetic variation of tumor cells can cause marked differences in their sensitivity to targeted drugs. For example, mutated forms of the EGFR found in some NSCLCs can be inhibited by EGFR kinase inhibitors at concentrations approximately 100-fold lower than those required to inhibit wild-type EGFRs. 42 Such marked genetic variations in drug sensitivity can complicate the establishment of dose-response relationships in phase I studies.
Although DCE-MRI has shown encouraging data for imaging of target inhibition by PTK/ZK and other VEGF inhibitors, several technological challenges remain. Acquisition and analysis of DCE-MRI scans are technically demanding and not uniformly standardized. In clinical studies, the quality of data is frequently inadequate for quantitative analysis. 43 There is also considerable intrapatient variability of the quantitative parameters; two pre-therapy baseline scans are currently recommended to assess the reproducibility of measurements in clinical trials. 43 It is also unclear whether DCE-MRI will be as successful as existing imaging techniques for the assessment of the effects of drugs that are less potent inhibitors of vascular permeability than are VEGF inhibitors.
In the experimental setting, molecular imaging with genetically encoded reporters can provide additional insights into ligand-target interactions. In the 'split protein' strategy, 44 A physical interaction between N r -X and C r -Y proteins reconstitutes the activity of the enzyme, leading to the generation of a signal after substrate administration. Thus, interactions between X and Y proteins mediated by drug administration can be studied in vivo. This approach has been used to study protein-protein interactions induced by the mTOR inhibitor rapamycin, which mediates the interaction of the FRB and FKBP12 proteins. The resulting FRB-rapamycin-FKBP12 complex inhibits mTOR, a serine-threonine kinase. To monitor this process in vivo, fragments of firefly luciferase were fused to FRB and FKBP12. Rapamycininduced formation of the FRB and FKB12A complex restores the enzymatic function of luciferase; following injection of luciferin, light emission can be monitored noninvasively by optical imaging. 45, 46 Although studies involving genetically encoded reporters cannot be used in the clinical setting, they can provide fundamental information on the ability of new drugs to target protein-protein interactions in animal models. These reporters might be used for high-throughput screening of drugs in cell culture assays.
ASSeSSMeNT OF TUMOR ReSPONSe TO THeRAPY FDG-PET has been used to assess the glycolytic responses of tumors to chemotherapy in patients with a wide variety of malignancies ( Figure 5 ). 47 Although the FDG-PET methodology and criteria for tumor responses varied in different studies, changes in FDG uptake by tumors after the first chemotherapy cycle correlate significantly with patient survival in these various studies. 46 These data suggest that FDG-PET might become an early indicator for treatment efficacy in clinical studies. 47 The National Cancer Institute has recently published guidelines for conducting clinical trials with use of FDG-PET to monitor therapies. These guidelines are a first step to standardization of imaging protocols across institutions. 48 Such standardized protocols will greatly facilitate multicenter trials of cancer treatments that use FDG-PET imaging as a biomarker of tumor response. A consensus was reached recently by the Subcommittee of the International ncponc_2006_150f4.eps Harmonization Project regarding an optimal FDG-PET protocol for the assessment of treatment responses in lymphoma. 49 Importantly, for the first time, guidelines for the timing and interpretation of post-treatment PET studies of a specific disease entity were established. The Oncology Biomarkers Qualification Initiative, established in February 2006, is an agreement between the National Cancer Institute, FDA, and Centers for Medicare and Medicaid Services to collaborate on improving the development process for cancer therapies and the outcomes of cancer patients through the development and evaluation of biomarkers. The goal of this collaboration is to qualify biomarkers (i.e. to establish standard, broadly accepted criteria for biomarkers that have been accepted by this group) so that they can be used to evaluate new molecular diagnostics that will provide the necessary accuracy to shorten clinical trials, reduce the number of patients and resources required during the drug development process, improve the link between drug approval and drug coverage, and increase drug safety and the appropriateness of drug choices for patients with cancer. The first projects are focusing on standardizing and evaluating FDG-PET-based biomarkers through clinical trials. For each cancer setting studied, standardized protocols are being developed for image acquisition, data collection and analysis, and response criteria.
In patient studies, the most striking changes in tumor glycolysis have been reported for GIST lesions treated with imatinib. 50 Changes in glycolysis preceded changes in tumor size by many weeks and were essential for documenting the activity of imatinib in GIST in clinical trials. 50 Current studies are now using FDG-PET to monitor the development of resistance to imatinib and assess the efficacy of salvage therapy with second-generation targeted inhibitors of the mutated c-Kit receptor present in this subset of GIST lesions.
Marked changes in tumor glycolysis might also occur in response to other protein kinase inhibitors. Su et al. demonstrated a decrease in FDG uptake as early as 2 h after treatment with gefitinib in gefitinib-sensitive lung cancer cell lines. 51 These metabolic alterations preceded changes in cell-cycle distribution, thymidine uptake and apoptosis, suggesting that changes in glycolysis are both an early and a sensitive marker of the response to treatment. These observations were then confirmed in micro-PET studies that detected up to a 55% decrease in FDG uptake in gefitinib-sensitive xenografts within 48 h after the start of treatment. 51 [ 18 F]3'-deoxy-3'-fluorothymidine (FLT), a marker of DNA replication and cell proliferation, was used in a study of glioblastoma patients who underwent bevacizumab treatment in combination with irinotecan. FLT uptake by tumor cells in vitro and in vivo was correlated to cell proliferation. 52, 53 Nineteen patients with recurrent malignant gliomas who were treated with biweekly cycles of bevacizumab and irinotecan were evaluated with FLT-PET at baseline, 1-2 weeks and 6 weeks after treatment. A decrease of at least 25% in FLT uptake by the tumor was defined as a metabolic response. Nine (47%) patients responded with more than a 25% decrease in FLT uptake, whereas 10 (53%) patients did not. Patients with an FLT-PET response survived significantly longer than those without a response (317 versus 152 days; P = 0.003). FLT-PET responses were stronger predictors of overall survival than the response predicted by MRI. In addition, responders were identified only 2 weeks after the start of treatment. 54 If confirmed in larger study populations, this could result in substantial shortening of phase II trials in this disease. In each image set, the image on the left is a longitudinal section from the neck to the pelvis and the image on the right is a cross-section through the plane containing the tumor. The tumor demonstrates intense FDG uptake before therapy (day 0). FDG uptake decreases markedly on day 14 of the first chemotherapy cycle. Quantitatively, FDG uptake by the tumor decreased from a standard uptake value of 9.2 to 4. Did the tumor respond to therapy? Has a recurrent tumor acquired resistance to a previously efficacious therapy? Molecular imaging can stratify patients with regard to the presence or absence of a drug target and provide tests to distinguish rapidly between responders and nonresponders to a drug. Several molecular imaging probes are already clinically available to address the questions above. Further validation for the use of these probes in drug development and for obtaining regulatory approval of new drugs is ongoing. Development of new molecular imaging probes for MRI, PET and optical imaging is a highly active area of research that will further extend the use of molecular imaging in drug development. Ultimately, molecular imaging will help to select the right drug for the right patient.
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KeY POINTS
■
There is an urgent need to develop and use assays that accelerate the drug development and evaluation processes and, at the same time, reduce the drugs' costs ■ Radiolabeled drug analogs can be used to perform 'phase 0' (microdosing) studies at dose levels that have no significant toxic effects ■ Molecular imaging provides tools and assays that can address expression of the target protein, drug-target interactions, and tumor response in preclinical and clinical studies ■ The number of targets that can be studied noninvasively by molecular imaging is still limited ■ Development of new molecular imaging probes for MRI, PET and optical imaging is a highly active research area that will further extend the use of molecular imaging in the process of drug development
